Carbon nanofiber/polycaprolactone (CNF/PCL) composite fibers are fabricated using a microfluidic approach. The fibers are made with different content levels of CNFs and flow rate ratios between the core and sheath fluids. The electrical conductivity and tensile properties of these fibers are then investigated. It is found that at a CNF concentration of 3 wt%, the electrical conductivity of the composite fiber significantly increases to 1.11 S m −1 . The yield strength, Young's modulus, and ultimate strength of the 3 wt% CNF increase relative to the pure PCL by factors of 1.72, 2.88, and 1.23, respectively. Additionally, the results show that a microfluidic approach can be considered as an effective method to align CNFs along the fibers in the longitudinal direction. 
Introduction
In recent years, electrically conductive polymer fibers have been extensively investigated due to their promising applications in a wide range of areas, such as static charge dissipation and dustfree clothing [1] , sensors [2] [3] [4] [5] [6] , actuators [7] , fiber-based wearable electronics [8] , energy storage [9] , drug release [10] , tissue engineering [11] , and electromagnetic interference shielding [12] .
Currently, several approaches have been used to fabricate electrically conductive polymeric fibers. One of the most investigated methods is to directly spin intrinsically conductive polymer (ICP) into fibers via common spinning techniques [13] . However, the spinning of ICPs is generally very difficult due to their inherent infusibility and insolubility in common solvents [14] . To make a less difficult ICP spinning solution, some toxic or corrosive solvents have been used [15, 16] . In addition, the relatively low toughness of ICP fibers limits their application.
Another effective way to create a less difficult ICP spinning solution is to coat commercially available fibers with conductive yarns [17] . ICPs, carbon nanotubes/polymer composites, and other conductive materials have been reported to have been successfully coated onto nonconductive polymer fibers [18] [19] [20] [21] [22] [23] [24] . The coated polymer fibers showed a significantly increase of the conductivity. However, the long-term reliability of the conductive coatings is a concern due to scratching and wearing. In order to avoid the spinning difficulty of ICPs and the unreliability of conductive coating, significant levels of effort has been devoted into the fabrication of conductive filler/polymer composite fibers.
A variety of conductive fillers, such as metal filament [25] , carbon black [26] , intrinsically conductive polymer [27, 28] , graphite [19] , carbon nanotubes [29, 30] , carbon nanofiber [31, 32] , and graphene [33] have been incorporated into the polymer matrix to fabricate conductive composite materials. In order to significantly increase the conductivity of the resulting polymer matrix, the concentration of the conductive fillers should be above the percolation threshold at which the conductive network is formed by conductive fillers. The optimal conductive fillers should have a high electrical conductivity along with a fairly large aspect ratio which favors the formation of a conductive network and decreases the percolation threshold [34, 35] .
Conventional fiber fabrication techniques, including electrospinning [11, 36] , wet-spinning [2, 23, 37] , and melt-spinning [19, [38] [39] [40] have been widely reported to assist in making conductive composite fibers. Microfluidics, on the other hand, has shown promising potentials to be used in a wide scope of applications ranging from energy to biomedical industries [41] [42] [43] [44] [45] [46] [47] [48] . Regarding fiber fabrication, the newly emerging microfluidic method has attracted a significant amount of attention by cause of its relatively cheap tooling costs, low consumption of materials, and ability to control the cross-sectional shape of the resulting fibers [49] . Due to the flexibility of the microfluidic technique, some studies have successfully incorporated cells [50] , liquid crystals [51] , and gold nanoparticles [52] into polymer fibers through the microfluidic method. However, to the best of our knowledge, there has been no report for fabricating electrically conductive composite fibers using a microfluidic platform. In this paper, carbon nanofiber (CNF) and Polycaprolactone (PCL), which is a biocompatible and biodegradable polymer, were selected as the electrically conductive filler and the polymer matrix, respectively. Electrically conductive CNF/PCL composite fibers were fabricated using a microfluidic approach for the first time. The electrical conductivity and tensile properties of fibers were studied based on varying CNF content and flow rate ratio.
Experimental Section

Materials
Sylgard 184 Elastomer Base and Curing Agent were obtained from Dow Croning Corporation (Midland, MI). Polycaprolactone (PCL) (Mn=80,000), carbon nanofiber (CNF) (D×L=100 nm × 20-200µm), and polyethylene glycol (PEG) (Mn=20,000) were purchased from Sigma Aldrich (St. Louis, MO). 2,2,2-trifluoroethanol (TFE) was obtained from Oakwood Chemical (West Columbia, SC).
Preparation of Microchannel
A microchannel with four chevron grooves on the top and bottom was used for the study. The design of the microchannel is detailed in the supporting information. The microchannel was made by bonding two halves of PMDS using plasma-cleaning. Sylgard 184 Elastomer Base and Curing Agent were mixed with a w/w ratio of 10:1, and then poured over two PMMA molds made by a CNC micro milling machine (Mini-Mill-GX, Minitech Machinery Corp.). After curing at 85 °C for 25 minutes, two half layers of the microchannel were peeled off from the PMMA master molds. The top half layer of the microchannel was bonded with a PDMS substrate via plasma treatment. After waiting for 24 hours, three holes were punched as inlets.
Then the microchannel was assembled by bonding the top half layer with another half layer via plasma treatment.
Preparation of Core and Sheath Solutions
Core fluid: In order to achieve good dispersion of CNFs in PCL solution, CNFs were first dispersed into the PCL solution of low concentration, which was mixed with the PCL solution of high concentration. CNFs were dispersed into a PCL solution of low concentration at 1.25% (0.05g PCL dissolved in 4 mL TFE). The concentration of the CNFs is with respect to the weight of PCL (i.e. 3 wt.% of CNF means that weight ratio of CNFs and PCL is 3:100). After transferring the CNFs suspension, 2 mL of TFE was used to rinse the container in order to capture the residual material. The CNF suspension was magnetically stirred for 30 minutes then ultrasonicated for another 30 minutes at room temperature. After preparing the CNFs suspension, it was poured into a PCL/TFE solution of high concentration at 36.25% (1.45g PCL dissolved in 4 mL TFE) which was thoroughly mixed at 65 ℃ for 4 hours then further mixed at room temperature throughout the rest of the night with constant magnetic stirring. Finally, the suspension was ultrasonicated at 65℃ for 90 minutes. The CNF suspension was cooled to room temperature during magnetic stirring. Before the fiber fabrication process, the solution was rested for at least 15 minutes.
Sheath fluid: 15% g/mL PEG was dissolved into the mixture of DI water and ethanol with a volume ratio of 1:1.
Bath:
The mixture of DI water and ethanol at a volume ratio of 1:1 was used as bath for collecting fibers.
The core fluid and sheath fluid were loaded into 3 mL and 60 mL plastic syringes (BD Biosciences) and pumped into the microchannel using a double syringe pump (Cole-Parmer, Veron Hillss, IL). The core and sheath flow rate ratios were set as 50:10 µL/min, 40:10 µL/min, 30:10 µL/min, and 20 µL/min.
Microfluidic Fiber Fabrication
The laminar flow regime was used in this experiment. Therefore, the diffusion occurred only at the fluid/fluid interface. Figure 1 shows a schematic of the microfluidic fiber fabrication. As the core and sheath fluids entered the microchannel, the sheath flow exerted lateral hydrodynamic shear force on the core flow at the junction of the three inlets [49] . As shown in Figure 1 , the microchannel has four chevron grooves. Due to the hydrodynamic resistance being inversely dependent on the flow rate and the sheath flow rate having higher values compared to the core flow rate, the sheath fluid filled the chevron grooves at the top and bottom of the microchannel.
As a result, the sheath fluid exerted vertical force on the core fluid as well as lateral force, which resulted in wrapping around the core fluid, and focusing it at the center of the channel [45] . In this process, the shear force plays a significant role in changing the shape of the resulting fiber as well as aligning the CNFs and polymer chain along the flow direction. We used the phase inversion solidification strategy in this process, which means that the molecules of the TFE were replaced by the molecules of the sheath fluid (water and ethanol) at the core/sheath interface.
Because PCL is not soluble in the sheath fluid, it was solidified as a fiber at the outlet of the channel.
Characterization
The morphology and cross-sectional properties of the prepared fibers were investigated using Scanning Electron Microscopy (NeoScopo, JCM-6000 Benchtop SEM) and the Dino Lite Microscope. Five specimens were measured to calculate the fiber dimensions. The conductivity of the fibers was measured based on a bundle of 1000 fibers with a length of 10 mm as shown in Figure S5 (a) and single fiber with a length of 500 μm as shown in Figure S5 (b and c) . The current was measured while applied voltage increased from -10V to +10V using the Potentiostat 
Results and Discussion
Morphology
The SEM images of pure PCL fibers and 5% CNF/PCL composite fibers obtained with the sheath-to-core flow rate ratio of 50:10 μL/min are shown in Figure 2 . The incorporation of CNF into PCL changes the morphology of the fibers significantly. While pure PCL fibers exhibit smooth surfaces and uniform diameter along the longitudinal direction, the CNF/PCL composite fibers have a significantly higher surface roughness. The increase in surface roughness was expected because the CNFs decrease the uniformity of the pure PCL solution, which results in the fabrication of fibers with high surface roughness. Additionally, the uniformity of the fiber diameter decreased which might due to the non-uniform dispersion of the CNFs in the core flow solution.
Furthermore, the addition of CNF increases the viscosity of the core fluid. A higher viscosity of the core flow results in a weakened hydrodynamic focusing from the sheath flow. Thus, the width of the core fluid in the channel increases, hence the resulting CNF/PCL composite fibers will have larger dimensions.
As shown in Figure 3 , a higher flow rate ratio tended to give a more circular cross-sectional shape, and the addition of CNFs increased the cross-sectional area of the fibers. At lower flow rate ratio, the hydrodynamic focusing applied on core fluid by the sheath fluid was weaker. As a result, the fiber could grow more in lateral direction. For the vertical direction, the hydrodynamic focusing was determined by both flow rate ratio and the chevron shaped grooves on the top and bottom of the microchannel, so the increase of fiber dimension was less significant. respectively as the concentration of CNF increased from 0 wt.% to 5 wt.%. The change of the dimensions might also result from weakened hydrodynamic focusing. The incorporation of CNFs could lead to increasing of the core fluid viscosity, which would result in weakened hydrodynamic focusing [45] . Also, the rigid CNFs could also restrict the hydrodynamic focusing. Figure 5 (a) and (b) shows the cross-sectional SEM image of the pure PCL fiber and CNF/PCL composite fibers with higher magnification, and the SEM images of CNFs incorporated into PCL microfibers, respectively. We poured several drops of TFE, the solvent of PCL, on the CNF/PCL composite fibers in order to wash the PCL portion and be able to observe the CNFs clearly.
Compared to the smooth section of the PCL fiber, the cross-section of the CNF/PCL composite fiber exhibits high surface roughness as a result of CNFs protruding out along the longitudinal direction of the fiber. The protruded CNFs provide evidence for their alignment along the longitudinal direction. The alignment of the CNFs could be explained as follows [51] : As the velocity of the flow in the channel distributes parabolically, the flow undergoes a shear force and its magnitude is a function of the distance from the walls of the microchannel. As the aspect ratio of the CNFs is significantly larger than 1, the CNFs could have a tendency of alignment due to the shear force. Before the conjunction of the core and sheath flows, the core fluid experiences a shear in the rectangular channel. Based on the distribution of the fluid velocity, a smaller distance from the microchannel walls results in larger shear rates due to the high velocity gradient. Although the shear rate is smaller because of the smaller core flow rate, it takes more time for the core flow to pass the relatively long inlet channel, which makes this part play an important role for the alignment of the CNFs. During hydrodynamic focusing, the core flow would be accelerated to match the speed of the sheath flow. As the core fluid spans the microchannel in the vertical direction at a location before the chevron grooves, the speed of the core flow along the vertical direction still possesses non-uniformity, which could also lead to shear forces. While the core fluid passes the pre-chevron groove region faster, accelerated core flow would result in larger shear rates. In addition, the elongational flows generated by hydrodynamic focusing could contribute to the alignment of the CNFs.
Electrical conductivity
Linear regression of current and voltage were performed in R Language to obtain the resistance.
Acceptable linearity between Current and Voltage were found with a coefficient of determination R 2 larger than 0.98. Typical Current-Voltage fitting lines are shown in Figure S6 .
CNF/PCL composite fibers exhibited non-continuous conductivity as the concentration of the
CNFs were lower than 3 wt.%. This lead to the conductivity of the single-fiber specimens to be tested only with CNF concentrations higher than 3wt.%. wt.%, the conductivity increased slightly from 1.11 to 8.02 S/m based on the 1000-fiber bundle specimen and from 1.96 to 4.02 S/m based on the single-fiber specimen. In addition, the conductivity values which were measured based on the 1000-fiber bundle and single-fiber specimen were comparatively close, which provided evidence for the continuity of conductivity. In order to investigate the continuity of conductivity, 10 single-fiber samples of 2.5 wt.% CNF/PCL composite fibers from different flow rate ratios were measured using a digital multimeter. As shown in Table 2 , a lower flow rate ratio shows more continuous conductivity. Table   3 shows the conductivity of 2.5 wt.% CNF/PCL composite fibers measured based on the bundle of 1000 fibers. The pure PCL fibers were white and semi-transparent and the color changed to dark while the transparency decreased as PCL incorporated with CNFs (showed in Figure S7 ). For 2.5 wt.% CNF/PCL fiber, some discontinuous and partially CNF-filled PCL regions were observed. As the concentration of CNF increased to 3 wt.%, no discontinuous region was found. For the 2.5 wt.% CNF/PCL fiber, the CNFs were not enough to fully fill the PCL matrix, which led to a noncontinuous distribution and low conductivity. For a lower flow rate ratio, the core flow would take more space in the microchannel, which would result in fibers with larger cross-sectional areas. This suggests that the probability of the conductivity discontinuity might be decreased. On the other hand, a higher flow rate ratio produced larger shear forces during the hydrodynamic focusing, which aligns the CNFs along the fiber direction. The alignment of the CNFs is helpful for obtaining higher conductivity. These two competitive factors made the conductivity of 2.5 wt.% CNF/PCL 1000-fiber bundle increase from (1.36±0.15)×10 -2 S/m at the sheath-to-core flow rate of 50/10 to (1.28±0.18)×10 -1 S/m at the sheath-to-core flow rate of 30/10 and then decreased to (5.97±1.42)×10 -2 S/m as the sheath-to-core flow rate ratio changed to 20/10 (as shown in Figure 7 and Table 3 ). Table 3 also shows the conductivity of 5 wt.% CNF/PCL composite fibers measured based on a single fiber. As the CNF concentration of 5 wt.% is high enough for producing continuous conductivity, the conductivity of the composite fiber is mainly determined by the alignment of the CNFs. As lower flow rate ratios resulted in smaller shear stress during the hydrodynamic focusing, the alignment of the CNFs was weakened. As a result, the conductivity of the composite fibers decreased from 4.02 S/m to 2.63 S/m when the flow rate ratio was decreased from 50:10 to 20:10 However, as the concentration of the CNFs already exceeded the percolation, the change of the conductivity was very small.
Tensile properties
Typical of the strain-stress curves for the PCL and PCL/CNF are shown in Figure S8 . At the beginning, the tensile strength of the fiber increased with increasing the concentration of CNFs.
As the concentration of the CNFs reached 3 wt.%, the strength started decreasing by further increasing the CNFs concentration. That might be due to the voids produced by the agglomeration of the CNFs at a high concentration. The tensile strength of 2.5 wt.% CNF/PCL composite fibers fabricated with different flow rate ratios was also investigated. It concluded that a higher flow rate ratio tends to result in fibers with a higher strength. As mentioned in the previous section, a larger flow rate ratio would produce a larger shear rate during the hydrodynamic focusing, which would be helpful for aligning the CNFs as well as PCL polymer chain along the fiber direction. This leads to the realization that increased tensile strength can be ascribed to the alignment of the CNFs.
The detailed tensile properties of the PCL and CNF/PCL fibers are provided in Table 4 . For the PCL fibers, the tensile strength had a tendency of increasing and then decreasing as the sheath to core flow rate ratio increased. Two competitive factors may play a role for the change of the tensile strength with the flow rate ratio. For higher flow rate ratios, the resulting fibers have smaller cross-sectional areas which indicates the occurrence probability of voids is smaller. The failure of material starts from the voids and then the propagation of cracks finally leads to the breaking-down of the material. Owing to smaller occurrence probability of voids could be endowed by higher flow rate ratios, fibers fabricated with higher flow rate ratio show higher tensile strength. However, decreasing the flow rate ratio could increase the aspect ratio of the fibers, which was demonstrated to endow fibers with higher strength [45] . As shown in 
Conclusions
In this paper, electrically conductive CNF/PCL composite fibers were fabricated using a microfluidic approach for the first time. Morphology, electrically conductivity, and tensile strength of the resulting composite fibers were studied as a function of the flow rate ratio and CNF content. Compared to traditional fiber spinning techniques, it was demonstrated that the cross-sectional size and aspect ratio of the fibers can be adjusted using the microfluidic platform.
The addition of CNFs in to PCL matrix significantly increased the conductivity of the fibers. At
CNFs content level of 3 wt.%, the conductivity of composite fiber reached 1.11 S/m. In addition, it was found that CNFs could be aligned along the fiber longitudinal direction by the shear force during microfluidic fabrication process. The alignment of CNFs played a positive role on increasing the fiber conductivity. At the same time, the tensile properties of the fibers were also improved due to the incorporation of CNFs. We showed that the yield strength, Young's Modulus and tensile strength increased to 1.72, 2.88 and 1.23 times of pure PCL fiber with the addition of 3 wt.% CNFs. We noticed that by increasing the CNFs content to the values higher than 3 wt.%, the conductivity increased slightly, while the tensile strength dropped sharply, which might be due to the agglomeration of CNFs. In conclusion, microfluidics can be considered as a functional approach to fabricate electrically conductive CNF/PCL composite fibers with controllable cross-sectional size and shape, and align CNFs along the fiber longitudinal direction. These fibers can play important roles in a variety of areas ranging from energy to biomedical applications. 
